Aims This study aims to explain the mechanism of action of allelochemical effect of Chenopodium ambrosioides L. volatile oil on mitochondrial characteristics of receptor plants. Methods This study chose maize (Zea mays L.), which is widely grown in C. ambrosioides invaded field as the receptor plant, and investigated the allelochemical effect of C. ambrosioides volatile oil and its two main components (α-terpinene and cymene) on maize root tip cells using a suspended gas method and TdT-mediated dUTP Nick-End Labeling (TUNEL) assays. The allelochemical effect on the relative expression of the apoptosis-associated type II Metacaspase gene ZmMCII was measured by quantitative real time polymerase chain reaction (qRT-PCR). The allelochemical effect on mitochondrial characteristics was analyzed by staining assays.
Introduction
Chenopodium ambrosioides L. (also called wormseed g o o s e f o o t , a n d b e l o n g i n g t o t h e f a m i l y, Chenopodiaceae) is an annual or perennial aromatic herb, native to tropical America. It was first discovered in Taipei China in 1864. It has become prevalent in most areas of China as one of the invasive exotic plants threatening China's ecological safety (Hu et al. 2011; Xu and Qiang 2004) . C. ambrosioides has a strong allelochemical effect on its surrounding plants (Chen et al. 2016; Hu et al. 2015; Jimenez-Osornio et al. 1998) . In response to its allelochemical stress, the surrounding plants generate a large number of reactive oxygen species (ROS), which trigger cell apoptosis (Bais et al. 2003) . As the main generation site of ROS in plant root cells (Ma and Yang 2006) and also the regulation center of apoptosis (Li et al. 2014) , mitochondria are involved in cell apoptosis of receptor plants (Rurek 2014) . The mitochondrion-mediated apoptosis pathway is initiated by releasing mitochondrial cytochrome c (Cyt c) into the cytoplasm through permeability transition pores in response to cellular stresses (Kim et al. 2006) . Apoptosis is often accompanied by a sustained increase in Ca 2+ concentration in plant cells (Zhang et al. 2007) , which results in the destruction of cytoskeleton and membrane (Chen et al. 2000) .
The entire plant of C. ambrosioides is rich in volatile oil, which consists of at least ten chemical components and shares two common components (α-terpinene and cymene) for all plants of C. ambrosioides growing in different areas (Wu et al. 2014) . C. ambrosioides volatile oil mainly acts on aboveground parts of the surrounding plants, and also affects their roots when it is adsorbed from soil through the processes of leaching by rain, exudation from roots and decomposition of plant residues , or when it evaporates into the air and is then adsorbed by soil (Muller and del Moral 1966) . The volatile oil and its two main components cause cell toxicity, inducing oxidative stress response in roots of receptor plants (Chen et al. 2016; Hu et al. 2011) , chromosome aberration (Hu et al. 2011) , reduced cell activity , and apoptosis (Hu et al. 2011) . At present, it is unclear how mitochondrial characteristics of root cells of receptor plants are affected by allelochemical stress of the volatile oil. Therefore, the aim of this study is to explain the mechanism of action of allelochemical effect of C. ambrosioides volatile oil on mitochondrial characteristics of receptor plants. In this study, maize (Zea mays L.), which is widely cultivated in the fields invaded by C. ambrosioides, was chosen as the receptor plant, and effects of the volatile oil and its two main components (α-terpinene and cymene) on mitochondrial characteristics of maize root cells were studied using a suspended gas method. This study involved observation of Ca 2+ localization in maize roots by fluorescence staining and measurements of cell apoptosis using TdT-mediated dUTP Nick-End Labeling (TUNEL) assay, the relative expression of the type II Metacaspase gene ZmMCII by quantitative real time polymerase chain reaction (RTqPCR), cell membrane lipid peroxidation by dyeing with Schiff's solution, cell membrane permeability by dyeing with Evans blue solution, mitochondrial H 2 O 2 and malondialdehyde (MDA) contents, mitochondrial membrane permeability and potential, the ratio of mitochondrial Cyt c/Cyt a, and mitochondrial Ca 2+ concentration in maize root cells.
Materials and methods

Materials
Donor materials: the plants of C. ambrosioides were collected near Baojiang Bridge in Chengdu City, Sichuan, China. Volatile oil was extracted from the entire plant of C. ambrosioides using a steam distillation extraction method (Meng et al. 2009 ), then dried by anhydrous Na 2 SO 4 , and finally stored at 4°C in a refrigerator for use in experiments. The concentrations of α-terpinene and cymene in the volatile oil were determined, and they were 151 mg/mL and 156 mg/mL, respectively (Wu et al. 2014) . Reference standards of α-terpinene (mass fraction 90%) and cymene (mass fraction 99.5%) were purchased from Ruikesi Biochemical Reagent Company (Chengdu, China).
Receptor plant: seeds of Zea mays 'Yayu 26' were purchased from Sichuan Southwest Techlink Seed Co. Ltd. (Chengdu, China).
Plant culture
Healthy maize seeds of uniform size were surfacesterilized with 0.5% KMnO 4 for 20 min, followed by removing KMnO 4 with distilled water, and then cultured for sprouting at 25°C in the dark. According to the method of Hu et al. (2015) , the sprouted seeds were cultured on 0.8% agar media at a density of 10 seeds per bottle with radicles facing outwards. The cultures were maintained in the dark at 25.
Allelochemical stress treatment
There were four treatment groups of maize radicles. These were the volatile oil treatment group, the α-terpinene treatment group, the cymene treatment group, and a group simultaneously treated with α-terpinene and cymene (symbolized as α-terpinene + cymene). According to our previous study on the concentration range of physiological relevance for treatments of volatile oil and its two main components , 5 μL volatile oil, 0.845 μL α-terpinene, 0.930 μL cymene, and 0.845 μL α-terpinene +0.930 μL cymene were applied separately to the culture bottle lids. Bottles were then inverted and incubated in the dark at 25°C with lids tightened for several time periods (6 h, 12 h, 18 h, 24 h, 36 h, and 48 h). The control group was maize radicles without treatment of volatile allelochemicals.
TdT-mediated dUTP Nick-end labeling (TUNEL) assay Maize roots (~1 cm long) from the five groups were prepared for paraffin sectioning according to the conventional preparation method. Paraffin sections were pretreated and color-labeled using TUNEL kit (Jiancheng Biotechnology Co. Ltd., Nanjing, China), according to the manufacturer's instruction. The results were observed under a Leica fluorescence microscope (Leica, Wetzlar, Germany).
Measurement of the relative expression of the type II Metacaspase gene ZmMCII
Metacaspase is an apoptosis-associated protease in plant cells (Uren et al. 2000) , which is similar to animal Caspase structure. The primer sequences of the type II Metacaspase gene ZmMCII for quantitative real time polymerase chain reaction (RT-qPCR) were designed by Primer Express software version 5 (Applied Biosystems, Carlsbad, CA, US).
ZmMCII Forward Sequence: 5'-CGACGCTG TTCCACCACTTC-3'.
ZmMCII Reverse Sequence: 5'-GACTGCTC CTCCGCTTCCTT-3'.
The total RNA was extracted from the 24 htreated root tips using Total RNA Extraction Kit (Tiangen Biochemistry Technology Co. Ltd., Beijing, China), according to the manufacturer's instruction. The quality of RNA was determined by agarose gel electrophoresis. The relative expression level of ZmMCII gene was measured by using maize GAPDH gene as reference gene . The RT-qPCR reaction was carried out in a 20 μL volume containing 0.4 μL 10 μM F/R primer (Qinke Zixin Biotechnology Co. Ltd., Chengdu, China), 10 μl 2X HSYBR One Step RTqPCR Buffer (Zoman Biotechnology Co. Ltd., Beijing, China), 10 μL RNA and 7.8 μL RNase-Free Water (Zoman Biotechnology Co. Ltd., Beijing, China). PCR thermocycling consisted of a reverse transcription period of 5 min at 45°C and an initial denaturation period of 1 min at 95°C; then 45 cycles of a denaturation at 94°C for 10 s, and an annealing/extension period of 40 s at 57°C. The RT-qPCR results were confirmed by repeating the reactions three times and then analyzed by Bio-Rad CFX Manager™ 3.1 software (Berkeley, CA, US).
Volatile oil treatments for maize radicles According to our previous study on the concentration range of physiological relevance for the volatile oil treatment , different amounts (1, 2, 3, 4, and 5 μL) of volatile oil were applied separately to the culture bottle lids. Bottles were then inverted and incubated in the dark at 25°C with lids tightened for several time periods (12 h, 24 h, and 48 h). Maize radicles without the volatile oil treatment served as control.
Dyeing of membrane lipid peroxidation
The degree of membrane lipid peroxidation was determined by dyeing with Schiff's solution according to the previously described method (Qu et al. 2013 ). After washing with deionized water three times, maize radicles were stained with Schiff's solution for 30 min at 25°C in the dark, and then fixed by rinsing with 0.5% K 2 S 2 O 5 solution (containing 0.05 mol/L HCl). The results were observed and photographed under an XTZ-E stereo microscope (Shanghai, China).
Dyeing of membrane permeability
The degree of membrane permeability was determined by dyeing with Evans blue solution according to the previously described method (Qu et al. 2013 ). After washing with 0.5 mmol/L CaCl 2 solution (pH = 5.6) three times, maize radicles were stained with 0.025% Evans blue solution (containing 0.5 mmol/L CaCl 2 , pH = 5.6) for 30 min at 25°C, and then rinsed with 0.5 mmol/L CaCl 2 solution several times until no blue solution remained. The results were observed and photographed under an XTZ-E stereo microscope.
Observation of Ca 2+ localization
Maize root (~1 cm long) from the five groups was placed on a concave slide and incubated in 20 μL 10 μmol/L Fluo-3 calcium fluorescent probe solution for 30 min at 37°C. The remaining probe was removed with probe-free Hanks buffer (pH 7.4). The results were observed and photographed under a Leica fluorescent microscope at the excitation wavelength of 488 nm.
Analysis of mitochondrion characteristics
Mitochondria extraction
According to the previously described method (Zhan et al. 2009 ), 0.3 g maize root (~1 cm long) was washed with distilled water, and ground with 2 mL of mitochondria extraction solution (containing 0.4 mo1/L sucrose, l mmol/L EDTA and 0.05 mo1/L Tris-HCl buffer, pH 7.4) in a precooled mortar on ice, and then centrifuged at the rate of 1500×g for 15 min at 4°C. The supernatant was centrifuged at the rate of 14,000×g for 15 min at 4°C. The pellet was washed twice with mitochondrial extraction solution, and then suspended with mitochondrial suspension solution (containing 0.4 mo1/ L sucrose and 0.05 mo1/L Tris-HCl buffer, pH 7.4) on ice during the experiment. The entire extraction process could not exceed 1 h, and the extracted mitochondria were used in experiments within 2 h. The mitochondria density was expressed as the mitochondrial protein concentration, which was determined by dyeing with coomassie brilliant blue in Bradford protein assay.
Measurement of the H 2 O 2 content in mitochondria
According to the previously described method (Shao et al. 2009 ), 1 mL of the suspended mitochondria mixed with 0.1 mL 5% titanium sulfate and 0.2 mL 12 mol/L ammonia were centrifuged at 3000×g for 10 min at 4°C. The pellet was suspended with 5 mL 2 mol/L sulfuric acid. The absorbance values of the suspended mitochondria were measured at the wavelength of 415 nm using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA, US).
Measurement of the malondialdehyde (MDA) concentration in mitochondria
According to the previously described method (Zhan et al. 2009 ), 0.2 mL of the suspended mitochondria mixed with 1 mL 0.6% thiobarbituric acid (TBA) were boiled for 15 min, and then quickly chilled down on ice. They were centrifuged at 1500×g for 10 min at 4°C. The absorbance values of the supernatant were measured at the wavelengths of 450 nm, 532 nm, and 600 nm using a SpectraMax M2 microplate reader. The MDA concentration was calculated according to the equation below (Zhao et al. 1994) :
In the equation, A 450 , A 532 , and A 600 represent the absorbance values measured at the wavelengths of 450 nm, 532 nm, and 600 nm, respectively.
Measurement of membrane permeability and potential in mitochondria According to the previously described method (Zhan et al. 2009 ), 0.3 mg/mL of the suspended mitochondria were incubated at 20°C for 2 min, and then the absorbance values were measured at the wavelength of 540 nm using a SpectraMax M2 microplate reader. 0.3 mg/mL of the suspended mitochondria were mixed with 1 μg/mL rhodamine 123, and then incubated at 25°C for 30 min in the dark. After washing with the mitochondria suspension solution three times, the fluorescence intensities were measured at the excitation wavelength of 505 nm and the emission wavelength of 534 nm using a SpectraMax M2 microplate reader.
Measurement of the ratio of Cyt c/a in mitochondria
According to the previously described method (Zhan et al. 2009 ), the suspended mitochondria were added with 0.2% BSA to reach the final concentration of 0.5 mg/mL. The absorbance values were measured at the wavelengths of 550 nm and 630 nm using a SpectraMax M2 microplate reader. The equation for the ratio of Cyt c/a is Cyt c/a = A 550 /A 630 .
In the equation, A 550 and A 630 represent the absorbance values measured at the wavelengths of 550 nm and 630 nm, respectively.
Measurement of Ca
2+ concentration in mitochondria According to the previously described method (Zhan et al. 2009 ), 1.5 mL of the cold suspended mitochondria were mixed with 5 mL 65% nitric acid, and then incubated at 25°C for 7 days in the dark. They were heated in an oven for volatile decomposition of nitric acid and then added with 1% LaCl 3 to reach the final volume of 10 mL. The absorbance values were measured by a TAS-990 flame spectrophotometer (Purkinje General Instrument Co. Ltd., Beijing, China).
Data statistics and analysis
The data were analyzed using SPSS version 18.0 (SPSS Inc., Chicago, IL, US). Means were separated using Tukey's Honestly Significant Difference test. P < 0.05 was considered statistically significant. The figures were drawn using Microsoft Excel 2010 (Microsoft, Redmond, WA, US).
Results
Allelochemical stress-induced apoptosis in maize root tip cells C. ambrosioides volatile oil, α-terpinene, cymene, and α-terpinene + cymene were separately applied to a group of maize root tip cells for 6 h, 12 h, 18 h, 24 h, 36 h, and 48 h, and their allelochemical effects were tested by TUNEL assays. The results showed that 24 h-treatment induced apoptotic effect on maize root tip cells (Fig. 1) , with the strongest fluorescence intensity in the volatile oil treated group and weaker intensity in the other three treatment groups. This result suggested that volatile oil had a synergic apoptotic effect on maize root tip cells compared with α-terpinene, cymene, and α-terpinene + cymene.
Allelochemical stress increased expression of the type II Metacaspase gene ZmMCII in maize root tip cells
The RT-PCR results showed that the apoptotic effect of 24 h-treatment of C. ambrosioides volatile oil, α-terpinene, cymene, and α-terpinene + cymene was associated with an increase in expression of the type II Metacaspase gene ZmMCII (Fig. 2) . The increases were 8.04-fold,1.71-fold,1.68-fold, and 1.59-fold, respectively for treatment of volatile oil, α-terpinene, cymene, and α-terpinene + cymene, compared with the control.
Allelochemical stress increased membrane lipid peroxidation and permeability, and also increased mitochondrial H 2 O 2 and MDA contents in maize root tip cells
To explain the mechanism of action of C. ambrosioides volatile oil on apoptosis in maize root tip cells, its effects on the degree of cell membrane lipid peroxidation and permeability, and mitochondrial H 2 O 2 and MDA contents were measured. Maize radicles treated with C. ambrosioides volatile oil at different amounts (0, 1, 2, 3, 4, and 5 μL) were dyed with Schiff's and Evans blue solutions. Dyeing of membrane lipid peroxidation showed that the degree of membrane lipid peroxidation in root tip cells is proportional to the level of purple red color (Fig. 3a) , because purple red color is a product of Schiff's solution, which reacts with radical groups released by membrane peroxidation in presence of ROS. Dyeing of membrane permeability showed that the degree of membrane permeability in root tip cells is proportional to the level of blue color (Fig. 3b) , because Evans blue solution enters the cells with damaged membranes and dyes them in blue. Volatile oil increased membrane lipid peroxidation and permeability in maize root tip cells, particularly for the 5 μL treatment, which significantly (P < 0.05) increased membrane lipid peroxidation and permeability (Fig. 3) . Mitochondrial H 2 O 2 content in the volatile oil treatment group was significantly (P < 0.05) different from the other three treatment groups, whereas no significant Fig. 1 Effects of Chenopodium ambrosioides volatile oil, α-terpinene, and cymene on maize root tip cells in TUNEL assays. a, control group: untreated group; b, 5 μL volatile oil treatment group; c, 0.845 μL α-terpinene treatment group; d, 0.930 μL cymene treatment group; e, 0.845 μL α-terpinene +0.930 μL cymene treatment group differences were observed among α-terpinene, cymene, and α-terpinene + cymene treatment groups (Fig. 4) . Mitochondrial H 2 O 2 contents in root tip cells for each treatment group were very significantly (P < 0.01) and positively correlated with the treatment time. For each treatment group, significant (P < 0.05) differences were observed among different treatment time, except for 24 h-and 48 h-treatments in α-terpinene and α-terpinene + cymene treatment groups.
The contents of mitochondrial MDA and H 2 O 2 in maize root tip cells have a similar variation pattern (Fig. 5) . Compared with the control group, volatile oil treatment caused a 1.8-fold increase in mitochondrial MDA content and each treatment of α-terpinene, cymene and α-terpinene + cymene caused a 1.2-fold increase, which indicates that allelochemical stress increased membrane lipid peroxidation in mitochondria of maize root tip cells. For each treatment group, mitochondrial MDA content was significantly (P<0.05) different among different treatment time and significantly (P<0.01) positively correlated with the treatment time, except for 24 h-and 48 h-treatments in the cymene treatment group.
Together, Figs. 4 and 5 show that C. ambrosioides volatile oil, α-terpinene, and cymene significantly (P < 0.05) increased the contents of mitochondrial H 2 O 2 and MDA in maize root tip cells. This result indicated that oxidative damage induced by allelochemical stress of C. ambrosioides volatile oil was mitochondrion-mediated.
Allelochemical stress increased mitochondrial membrane permeability and decreased membrane potential in maize root tip cells Mitochondrial permeability transition (MPT) is positively correlated with the degree of opening of mitochondrial permeability transition pores (MPTP), and both MPT and MPTP are increased as the absorbance value of mitochondrial membrane is decreased (Shao et al. 2009 ). Cationic fluorescent probe rhodamine 123 can enter mitochondrial matrix following the mitochondrial membrane potential. In the rhodamine 123 detection assay of mitochondria, an increased fluorescence intensity indicates an increased membrane potential. C. ambrosioides volatile oil, α-terpinene, and cymene significantly (P < 0.05) decreased mitochondrial membrane absorbance values (Fig. 6) and potential (Fig. 7) in maize root tip cells, with the volatile oil causing the largest reduction. This result indicated that allelochemical stress caused MPTP opening, increased mitochondrial membrane permeability, and decreased membrane potential. The allelochemical effects on mitochondrial membrane permeability and potential were negatively (P < 0.05) correlated with the treatment time in each treatment group. Mitochondrial membrane permeability in the volatile oil treatment group was significantly (P < 0.05) different among different treatment time, whereas in the other three treatment groups it was not different between the 12-h and 24-h treatment time, but it was different at the 48-h treatment time.
Allelochemical stress decreased the ratio of mitochondrial cytochrome c/a in maize root tip cells
As both cytochrome c (Cyt c) and cytochrome a (Cyt a) are constituents of the mitochondrial membrane electron transport chain, the ratio of Cyt c/a reflects the changes in the content of mitochondrial Cyt c (Tonshin et al. 2003) . C. ambrosioides volatile oil, α-terpinene, and cymene significantly (P < 0.05) decreased the ratio of mitochondrial Cyt c/a (Fig. 8) , especially for the 48 htreatment of volatile oil, which reduced the ratio of Cyt c/a by 15%. Allelochemical stress increased mitochondrial membrane permeability and decreased membrane potential in maize root tip cells, and thus Cyt c was released into the cytoplasm across mitochondrial membrane. The ratios of Cyt c/a in each treatment group were negatively (P < 0.01) correlated with the treatment time. The ratios of Cyt c/a in the α-terpinene treatment group were significantly (P < 0.05) different among different treatment time, and the ratios of Cyt c/a in the cymene treatment group were significantly (P < 0.05) different between the 12 h-and 48 h-treatment time.
Allelochemical stress increased cytosolic Ca 2+ levels in maize radicles Fluorescence staining showed that C. ambrosioides volatile oil, α-terpinene, and cymene significantly (P < 0.05) increased cytosolic Ca 2+ levels in maize root tips (Fig. 9 ). The analysis of fluorescence intensity showed that the volatile oil treatment increased Ca 2+ distribution, whereas α-terpinene, cymene, and α-terpinenes + cymene treatments had similar Ca 2+ localization. α-terpinene appeared to have the strongest Ca 2+ fluorescence intensity behind that of the volatile oil. With the prolongation of treatment time, the Ca 2+ accumulating area was gradually expanded, especially with the 48-h treatment of 5 μL volatile oil, which appeared to extended the Ca 2+ accumulating area to the meristematic zone and its above (Fig. 9b) . To find whether the increased cytosolic Ca 2+ levels in maize root tips are due to the release of mitochondrial Ca 2+ into cytoplasm, mitochondrial Ca 2+ levels in maize root tip cells were measured by fluorescence staining assays. C. ambrosioides volatile oil, α-terpinene, and cymene significantly (P < 0.05) decreased mitochondrial Ca 2+ levels in maize root tip cells (Fig. 10) . Volatile oil treatment caused the largest reduction in mitochondrial Ca 2+ levels, especially in the 24 h-and 48 h-treatments, which reduced mitochondrial Ca 2+ levels by about 27%. A significant (P < 0.05) difference in mitochondrial Ca 2+ level was observed in the volatile oil treatment group, whereas no significant difference was observed in the other three treatment groups. Mitochondrial Ca 2+ levels in all the four treatment groups were negatively (P < 0.01) correlated with the treatment time. They showed significant difference among different treatment time in all the four treatment groups, except for the cymene treatment group. Taken together, the results showed that the increased cytosolic Ca 2+ levels in maize root tip cells were due to the release of mitochondrial Ca 2+ into the cytoplasm.
Discussion
Cell apoptosis is possibly a general mechanism of plant stress response, with its main function being that some cells in root tip actively die and form a dead cell barrier (a suberification structure), preventing movement of harmful substances into other plant tissues (Ma et al. 2010) . A previous study on the response of maize to O 3 exposure and aging indicated that maize cell apoptosis was associated with Metacaspase-mediated proteolysis (Ahmad et al. 2012) . In this study, apoptosis of maize root tip cells was observed in treatments of C. ambrosioides volatile oil and its two main components (α-terpinene and cymene). The cell apoptosis was associated with an increase in expression of the type II Metacaspase gene ZmMCII, which is consistent with a previous study (Hu et al. 2011) . Furthermore, the apoptotic effect induced by C. ambrosioides volatile oil was significantly higher than the effect simultaneously induced by α-terpinene and cymene, suggesting that allelochemical stress induced by volatile oil is a synergy of its several chemical components. Its two main components, α-terpinene and cymene, definitely did not play a major role in the allelochemical effect. It is unclear which component of the volatile oil plays a key role in the allelochemical effect. This determination will require further studies. Allelochemical stress is often accompanied by oxidative stress. Allelochemical stress by walnut husk washing waters (WHWW), a by-product of walnut production, was reported to induce oxidative damage and cell-programmed death in maize roots (Ciniglia et al. 2015) . ROS accumulation in response to allelochemical stress resulted in membrane lipid peroxidation, membrane permeability, and destruction of cellular membranous organelles such as chloroplasts and mitochondria Raoof and Siddiqui 2013) , activating an apoptosis-associated signal regulation system (Bais et al. 2003) . The mitochondrion is the site of production of ROS in plant cells (Ma and Yang 2006) and the regulation center of endogenous apoptosis. Therefore, the aim of this study was to explain the mechanism of action of allelochemical stress of C. ambrosioides volatile oil on mitochondrial characteristics in its receptor plant cells. Allelochemical stress of volatile oil and its main components increased the contents of mitochondrial H 2 O 2 and MDA (as a lipid peroxidation product) in maize root tip cells, and the increase was time-dependent. Because of the increased mitochondrial membrane permeability and decreased membrane potential, (Demidchik 2015) , and an increase in cytosolic Ca 2+ levels is associated with ROS accumulation to a large extent (Bolwell and Daudi 2009) . On the other hand, Cyt c, which is released into the cytoplasm, can activate Caspase protease, thereby activating the Caspase-dependent apoptosis signaling pathway in maize root tip cells. In this study, the obvious correlation of the up-regulated expression of the type II Metacaspase gene ZmMCII with an increase in cytosolic Ca 2+ level and a decline in the ratio of mitochondrial Cyt c/a, indicated that allelochemical stress induced mitochondrion-mediated Ca 2+ -dependent and Caspasedependent apoptosis signaling pathways.
Conclusion
C. ambrosioides volatile oil and its two main components (α-terpinene and cymene) induced allelochemical stress in maize root cells, increased ROS and membrane lipid peroxidation, increased membrane permeability and MPT, increased the degree of opening of MPTP, and released mitochondrial Ca 2+ and Cyt c into the cytoplasm, triggering mitochondrion-mediated Ca 2+ -dependent and Caspase-dependent apoptosis signaling pathways.
